Samples collected by continuous plankton recorders (CPRs) between 1948 and 1992 were used to describe the diel vertical migration (DVM) behavior of 4 1 copepod taxa in the northeast Atlantic between 45 and 55"N and 11 and 3 1"W. A total of 13,622 samples, each representing -18.5 km (10 nm) of tow, were analyzed. Since CPRs are towed in near-surface waters, taxa that exhibit DVM occur predominantly in samples taken at night. Larger taxa showed significantly stronger DVM, with body size explaining 47% of the intertaxa variation in DVM. For small taxa (< 1 mm wide) the residual variation in DVM was correlated with carotenoid pigment levels but not with body morphology, with more heavily pigmented taxa exhibiting DVM. For larger taxa (> 1 mm wide) the residual variation in DVM was correlated with body morphology but not with carotenoid pigment levels, with more elongate copepods not exhibiting DVM.
Diel vertical migration (DVM) occurs in a wide range of both marine and freshwater copepods as well as in a variety of other zooplankton, with the "normal" pattern being movement from greater depths during the day to shallower depths at night (Lampert 1989) . The ubiquity of DVM in zooplankton communities has provoked considerable and extended debate as to its functional significance (see Lampert 1989) . Although it has been suggested that DVM may provide a metabolic advantage associated with the diel movement across a thermocline (McLaren 1963) , this hypothesis is now generally refuted (Lampert 1989) . Alternatively, Zaret and Suffem (1976) suggested that DVM may be an antipredator behavior, with populations moving to a greater depth during the day to reduce risk from visual predators.
A considerable amount of both field and experimental evidence has accumulated to support this predator-evasion hypothesis. For example, Gliwicz (1986) reported that the ' Present address and address for correspondence: School of Ocean Sciences, University of Wales at Bangor, Menai Bridge, Gwynedd LL59 5EY, U.K.
amplitude of DVM was greater in the copepod populations of lakes where there were planktivorous fish rather than in fishless lakes and that the amplitude of DVM was correlated with the age of the fish population. These observations suggest that upon exposure to a high risk of visual predation there was natural selection for more migratory individuals and hence the gradual change from less to more migratory populations. Similarly, in a series of papers Frost and Bollens have reported that the extent of DVM in certain marine copepods may correlate with the abundance of planktivorous fish (cf. Bollens and Frost 1989) . Recent experimental manipulations have shown that the change from a nonmigratory to a migratory mode can be rapid (< 1 h) upon the introduction of planktivorous fish (Neil1 1990), illustrating that population changes in DVM may also occur as a result of individual changes in behavior (i.e. as a rapid phenotypic response).
The evidence supporting the predator-evasion hypothesis is compelling in these examples, but doubt remains over the ubiquity of this hypothesis to account in general for DVM (Lampert 1989) . The generality of predator evasion as the ultimate cause of DVM in pclagic communities will only be derived slowly from autecological studies. What is ideally needed to test the generality of this hypothesis are synecological studies where differences in DVM within communities are examined and the causality of these differences established. If individuals do indeed migrate principally to lessen their risk of mortality, then interspecific ----J-l Tow depth Fig. 1 . Schematic representation showing the ability of the CPR to detect vertical migration. Species A does not undertake DVM and will occur equally in samples collected in the day and at night, and thus FDVM x 0.5 (Eq. 1). Species B undertakes DVM and even though the amplitude of the daily vertical movement is small, FDVM x 1.0. Species C also undertakes DVM and even though the amplitude of the daily vertical movement is large, like species B, FDVM x 1.0. The width of each diamond represents the abundance of the species: open diamondday; closed diamond-night.
differences in the extent of DVM should be correlated with the susceptibility of different species to visual predation.
Collecting such multispecies data sets is, however, difficult. First, when examining DVM it is simpler to collect data for only a few species; second, if data are collected for a wide variety of species, such studies are usually conducted intensively over short spatial and temporal scales and thus cannot provide a description of the average or typical migration tendencies. However, one data set in which a large range of species has been identified, with samples also being collected in an extensive range of locations and in different seasons and years, is that provided by the continuous plankton recorder (CPR) survey. In this paper we used data collected by the CPR survey to quantify and investigate the causality of interspecific differences in DVM within a copepod community.
Methods
Samples were collected with CPRs towed at high speed ( 1 l-33 km h-l) and in near-surface waters (mean depth, 6.5 m) (Hays and Warner 1993) from ships of opportunity. Plankton were retained inside recorders on a continually moving band of silk mesh of 270-pm nominal aperture and preserved in situ with formaldehyde (Hays 1994) . After each tow this silk roll was unwound, cut into sections corresponding to -18.5 km (10 nm) of tow and then the abundance of various copepod taxa was quantified in a routine manner (Colebrook 1960) for alternate sections. Some copepod taxa were identified to species and others only to genus.
The time and location of the CPR deployment and retrieval was recorded for each tow, from which the location and local time for the midpoint of each sample was calculated. Samples were categorized as night or day samples, with night being defined as the time when the sun was below the horizon.
Since CPRs sample at a fixed depth near the surface, taxa that undertake DVM should be absent in samples taken during the day but present in samples taken at night. However, differences in the distance (i.e. amplitude) that species have migrated to reach the surface will not be revealed. For example, a species that migrates during the day to just below the depth of sampling will record the same index of vertical migration as a species that migrates much deeper (Fig. 1) 
recording the species (n) and thus assuming a normal approximation of the binomial distribution, Due to the nature of the CPR sampling ( Fig.  l) , the range of values recorded for FDVM would not be expected to have a continuous distribution.
Rather, a bimodal distribution would be expected, with values of -0.5 representing species that do not migrate (assuming the sampling intensity is the same both day and night) and values of -1 .O representing species that do migrate. The length of different copepod species was taken from published sources (Rose 1933; Vervoort 1963 Vervoort , 1965 Roe 1972) . For taxa identified only to genus, the mean length of that genus was calculated. The ratio of prosome length to width was measured from published diagrams (Sars 1903; Rose 1933) and hence the width of the different taxa calculated. Carotenoid pigment levels were taken from Fisher et al. (1964) , although pigment levels for all the taxa used from the CPR records were not available.
The area bounded by 45-55"N and 1 l-3 low was chosen for analysis since this area has been well sampled by CPRs and a diverse size range of copepods are identified in the area (Oceanogr. Laboratory, Edinburgh 1973).
Results
We analyzed 13,622 samples (representing -250,000 km of towing) collected in the study area between 1948 and 1992. Sampling intensity was not uniformly distributed in the study area, but instead tended to be more concentrated closer to the continental shelf (Fig. 2) . Of these samples, 6,6 10 were collected at night. Thus the expected FDVM for a species that did not migrate would be 6,610/l 3,622 = 0.485.
We identified 41 taxonomic groups of copepod, six to genus and 35 to species. These taxa with the number of samples in which each was identified and their measured prosome length-to-width ratio and hence their calculated widths are given in Table 1 . Carotenoid pigment levels from Fisher et al. (1964) were available for 24 of these taxa.
There were two distinct groups of taxa with respect to FDVM (Fig. 3) , with 21 of the species showing a strong tendency to migrate vertically (mean FDVM = 0.880, SD = 0.077) and 20 species showing little tendency to migrate (mean FDVM = 0.485, SD = 0.059).
The tendency to migrate vertically was independent of carotenoid levels, the prosome length-to-width ratio, or the number of samples in which that taxa was identified (Fig. 4) . However, larger copepods showed a greater FDVM than smaller species (Fig. 5) . We visually fitted a step function to this relationship, assuming that for copepods < 1 .O mm wide FDVM was 0.485 (from the ratio of night samples to total samples) and for copepods > 1 .O mm wide FDVM was 0.9 (from the mode of Fig. 3 ). This step function explained 47% of the variability in the taxonomic differences in FDVM.
There were, however, several taxa that diverged markedly from the modeled step function. These anomalous taxa were not all of a similar size, nor was the pattern of their de- viation (i.e. positive or negative) from the model the same (Fig. 6) . The six most anomalous taxa were Pleuromamma borealis, Pleuromamma gracilis, Heterorhabdus papilliger, and Lucicutia spp., which all had a large FDVM despite their small size, and Rhincalanus nasutus and Eucalanus elongatus, which did not have a large FDVM despite their large size.
The poor fit of the model may have been due to the inaccuracy with which FDVM was estimated for each taxa. To investigate this, we assumed that the values for FDVM had a perfect fit (i.e. r * = 1.0) with the model, and then we used the known SD (Eq. 2) to randomly assign an error to the estimated FDVM for each taxa. We then calculated the r* for the relationship between these realized values for FDVM and the model. We repeated this error simulation 100 times for each taxa. The resulting r* values averaged 0.97 (SE = 0.001) (i.e. the error introduced by the inaccuracy in the estimate of FDVM was not the main reason for the comparatively poor fit of the model).
An analysis of the unexplained residual variation in vertical migration tendency was divided into an analysis of taxa < 1 mm wide (i.e. mainly nonvertical migrators) and of taxa > 1 mm wide (i.e. mainly vertical migrators). For taxa < 1 mm wide the residual variation in FDVM was positively related to carotenoid pigment levels (Fig. 7a ) but was independent of body morphology (Fig. 7b) , i.e. the small copepods that migrated, such as P. borealis, H. papilliger, and Lucicutia spp., tended to be more heavily pigmented than small nonmigratory copepods. For taxa > 1 mm wide the residual variation in FDVM was independent of carotenoid pigment levels (Fig. 8a) but was negatively correlated with body morphology (Fig. 8b) , i.e. the large copepods that did not migrate (R. nasutus and E. elongatus) were characterized as long and thin. 
Discussion
Samples collected by CPRs have traditionally been used to examine seasonal, spatial, and long-term trends in plankton abundance. The potential for using the accumulated data set to look at DVM has, however, not been explored. Because CPRs are towed from ships of opportunity rather than dedicated research ships, the tow routes tend to be dictated by the changing merchant shipping lines. Thus uniform sampling intensity over wide regions would not be expected and was not found in the sampled area. Sampling by CPRs may be criticized in that the flow rate through the recorder is not measured and so absolute abundances of zooplankton cannot be reliably determined. This shortcoming will not, however, compromise the use of the CPR data set to examine diel vertical migration through, for example, calculation of FDVM (Eq. 1) because no assumptions are made concerning the absolute abundance of the different taxa. The expected bimodal distribution of values for FDVM resulting from the fixed sampling depth of the CPR was found (Fig. 3) , with a value FDVM z 0.485 representing taxa that did not migrate and a value FDVM M 0.925 representing taxa that did migrate.
It has been repeatedly suggested that DVM functions to reduce the risk of mortality from visually orientating predators (cf. Lampert 1989) . It would therefore be expected that those species with the greatest susceptibility to visual predation should show the greatest FDVM. The axiom of this argument is that zooplankton species differ in their susceptibility to visual predation and, indeed, such prey selection by zooplanktivores has been repeatedly demonstrated. In broad terms, species that are more readily perceived and have a poorer escape ability once they have been perceived have the greatest susceptibility to visually orientating predators. Prey perception by visually orientating predators may depend on prey size (Brooks and Dodson 1965) and prey color (Zaret and Kerfoot 1975) although the relative importance of these two factors is equivocal. For example, Brooks and Dodson found that after the introduction of planktivorous fish to a lake, the size distribution of the zooplankton community had changed to a predominance of smaller species, suggesting that the fish had selectively removed the larger species. Conversely, Zaret and Kerfoot suggested that the planktivorous fish Melaniris chagresi selected the cladoceran Bosmina longirostris on the basis of the amount of pigmentation rather than body size.
The escape ability of zooplankters once they have been perceived will depend on how far away they themselves can perceive an approaching predator, their speed and maneuverability once they have perceived a predator, and their palatability once they have been caught. Interspecific differences have been shown in the ability of copepods to avoid a slowly moving siphon intake, i.e. an index of the first and second factors above (Singarajah 1969) and interspecific escape ability differences have also been inferred from field observations (Drenner et al. 1978) . However, the factors influencing these differences are unknown. At a higher taxonomic level (i.e. when comparing copepods, cladocerans, and rotifers), Kerfoot et al. (1980) suggested that escape ability may be correlated with body morphology, with more streamlined taxa having the greater, and hence more effective, escape speed. In summary, zooplankton do differ in their susceptibility to visual predators and this may be due to differences in body size, color, and shape. We used published information to derive body width, which we used as an index of body size, and, where available, published carotenoid pigment levels. Carotenoid pigments tend to be the major source of pigmentation in planktonic crustacea; thus carotenoid levels probably give a good indication of overall body color (Herring 1972) . It may have been more informative to have measured both of these parameters ourselves, since regional variations might reduce the validity of applying literature values to our study area. However, neither of these parameters has been routinely measured during the CPR survey and indeed pigment levels probably cannot be derived from the samples since they lose color as a result of being preserved in formaldehyde.
When all the available taxa were compared, FDVM was not correlated with pigment concentration (Fig. 4a) but was significantly correlated with body size (Fig. 5) with DVM tending to occur in larger taxa. We would therefore suggest that the pattern of interspecific differences in DVM can be accounted for by the predator-evasion hypothesis. Furthermore, we would suggest that copepod size rather than color is the principal factor influencing the probability of perception of copepods by visual predators. However, only 47% of the intertaxa variation in FDVM was explained by body size. There are several potential explanations for this observation. There may have been an inherent inadequacy of the way in which the step-function model was fitted. For example, we may have poorly estimated the copepod size at the position of the step between vertical migrators and nonvertical migrators; alternatively, the upper and lower levels of the step function may have been poorly fitted. However, neither of these explanations is supported by the pattern of residuals (Fig. 6) i.e. copepods that differed markedly from the fitted model were not at a specific size range of the distribution. Some of the taxa were sampled with low incidence (Table 1) . For Centropages hamatus, this reflected that the study area was outside the center of distribution for that taxa; for the other taxa (such as Ctenocalanus vanus, Euchaeta gracilis, Euchaeta marina, and Euchirella messinensis), this reflected their low overall abundance in CPR records (Oceanogr. Laboratory, Edinburgh 1973). However, the poor fit of the model was not due to the inaccuracy with which FDVM was estimated as a consequence of the low incidence of certain species, because when we assumed the model and data had a perfect fit and then introduced the known error with which FDVM was estimated, the r* between the model and the data dropped to only 0.97 (i.e. markedly higher than the observed r* of 0.47).
Alternatively, the reason for the poor fit of the model may have been due to other factors (besides size) influencing the susceptibility of copepods to visual predation. For small copepods, we found that FDVM was significantly related to carotenoid pigment levels (Fig. 7a) . We suggest that this observation is also consistent with the predator-evasion hypothesis. For small copepods that are transparent there may be no need to migrate vertically because small size and transparency combine to ensure that such copepods are not readily perceived by visual predators. However, increased color in a small copepod will increase its conspicuousness and hence the risk of being consumed if it remains near the surface during the day. To avoid this risk necessitates the need to occupy a darker, and hence deeper, depth during the day.
It has been suggested that carotenoid pigments may serve to reduce the risk of damage from visible blue light and UV light; hence in the absence of visually orientating predators, copepods may be heavily pigmented as a result of natural selection by solar radiation (Hair-ston 1979) . On this basis, carotenoid levels should be higher in species occurring closer to the surface during the day. Although this has been found in certain lakes (Hairston 1980) , in the sea maximal carotenoid levels may occur at midwater depths (Herring 1972). Our results also cast doubt on the applicability of the light protection hypothesis in marine systems, since we found that in small copepods DVM was restricted to those taxa having the highest levels of carotenoids, i.e. the taxa with high carotenoid levels moved out of the nearsurface waters during the day, the opposite of that predicted from the light protection hypothesis. Therefore, alternative explanations (e.g. carotenoids may serve as a energy store, Ringelberg 1980) need to be found for the function of carotenoids in marine copepods.
For larger copepods there was no relationship between FDVM and carotenoid levels. This result is, however, expected given the fixed sampling depth of the CPR. Large copepods are more conspicuous than small copepods and hence may be selectively consumed by visual predators (Brooks and Dodson 1965) . Large copepods would therefore be expected to migrate vertically, as was generally found to be the case (Fig. 5) . However, while increased pigment levels might be expected to increase conspicuousness, and hence the amplitude of DVM, this information would not be revealed by the CPR sampling (Fig. 1) . The poor fit of the step-function model to explain FDVM in larger copepods was restricted to two species, E. elongatus and R. nasutus, which were large but did not occur predominantly in samples taken at night (Fig. 5) . These two species are, however, characterized by having a markedly different morphology to the other taxa, being far more elongate (Fig. 8b) . Given the influence of body morphology on escape speed (Kerfoot et al. 1980) , we suggest that the tendency for E. elongatus and R. nasutus to remain in nearsurface waters during the day may be related to their morphology facilitating a greater escape ability from visual predators. These two species may therefore be able to remain in nearsurface waters during the day without suffering the high risk of mortality expected for copepods of a similar size.
In conclusion, our observations are consistent with the risk of predation from visual predators being the most important factor influencing taxonomic differences in DVM.
